A new surface wave is introduced, the cosine-Gauss beam, which does not diffract while it propagates in a straight line and tightly bound to the metallic surface for distances up to 80 m. The generation of this highly localized wave is shown to be straightforward and highly controllable, with varying degrees of transverse confinement and directionality, by fabricating a plasmon launcher consisting of intersecting metallic gratings. Cosine-Gauss beams have potential for applications in plasmonics, notably for efficient coupling to nanophotonic devices, opening up new design possibilities for next-generation optical interconnects. DOI: 10.1103/PhysRevLett.109.093904 PACS numbers: 42.25.Fx, 03.50.De, 41.20.Àq The expansion of the transverse dimension of a propagating wave, a phenomenon originating from diffraction, is ubiquitous for all kinds of waves including sound, electromagnetic, and even matter waves. In optics, several techniques have been proposed to counterbalance this effect, for example, by considering the propagation of intense light beams in an optical medium with nonlinearities [1]. In the linear regime, the family of so-called diffraction-free beams has long been an active research area since the introduction of the Bessel beam [2, 3] , a solution of the Helmholtz equation, which has a transverse intensity distribution independent of the propagation distance. Bessel beams were followed by the discovery of other nondiffracting solutions [4, 5] including the recent free-space Airy beams [6, 7] . However, very little effort has been devoted to constructing diffraction-free surface waves such as surface plasmon polaritons (SPPs) that are propagating electromagnetic surface waves tightly bound to a metaldielectric interface. The strong subwavelength confinement of light offered by SPPs has generated considerable interest in plasmonics as a bridge between electronics and photonics for applications such as on-chip interconnects in the next generation of photonics circuits [8] [9] [10] . The propagation of SPPs in general suffers from a high attenuation due to a combination of dissipation (Ohmic loss) and radiative losses associated with interface roughness. Various methods have been proposed to increase their propagation length [11] [12] [13] . Because of their wave nature, SPPs also undergo diffraction in the plane of the interface, which is an additional source of coupling loss between onchip components as the wave packet spreads laterally during propagation. To address this issue, plasmonic Airy beams (PABs) have recently been introduced [14] [15] [16] [17] . The PAB is a solution of the one-dimensional free-particle Schrödinger-like equation, to which the two-dimensional Helmholtz equation reduces in the slowly varying envelope approximation that is for small variations of the transverse SPP profile along the propagation distance [14] . PABs propagate without spreading for a finite distance, but their trajectory bends, severely limiting possible device applications. This lack of symmetry in the transverse field distribution prompted us to investigate SPPs propagating without diffraction and in a straight line. A first step in this direction has been theoretically proposed in Ref. [18] by considering the propagation of high order plasmon modes at the interfaces of multilayered metal-dielectric superlattices. Although this approach is experimentally cumbersome, it proposes a SPP beam which propagates in a straight rather than parabolic trajectory, like PAB. Here we demonstrate both experimentally and theoretically that a new surface wave, with similar properties, can be generated at a single interface with simple metallic gratings.
The expansion of the transverse dimension of a propagating wave, a phenomenon originating from diffraction, is ubiquitous for all kinds of waves including sound, electromagnetic, and even matter waves. In optics, several techniques have been proposed to counterbalance this effect, for example, by considering the propagation of intense light beams in an optical medium with nonlinearities [1] . In the linear regime, the family of so-called diffraction-free beams has long been an active research area since the introduction of the Bessel beam [2, 3] , a solution of the Helmholtz equation, which has a transverse intensity distribution independent of the propagation distance. Bessel beams were followed by the discovery of other nondiffracting solutions [4, 5] including the recent free-space Airy beams [6, 7] . However, very little effort has been devoted to constructing diffraction-free surface waves such as surface plasmon polaritons (SPPs) that are propagating electromagnetic surface waves tightly bound to a metaldielectric interface. The strong subwavelength confinement of light offered by SPPs has generated considerable interest in plasmonics as a bridge between electronics and photonics for applications such as on-chip interconnects in the next generation of photonics circuits [8] [9] [10] . The propagation of SPPs in general suffers from a high attenuation due to a combination of dissipation (Ohmic loss) and radiative losses associated with interface roughness. Various methods have been proposed to increase their propagation length [11] [12] [13] . Because of their wave nature, SPPs also undergo diffraction in the plane of the interface, which is an additional source of coupling loss between onchip components as the wave packet spreads laterally during propagation. To address this issue, plasmonic Airy beams (PABs) have recently been introduced [14] [15] [16] [17] . The PAB is a solution of the one-dimensional free-particle Schrödinger-like equation, to which the two-dimensional Helmholtz equation reduces in the slowly varying envelope approximation that is for small variations of the transverse SPP profile along the propagation distance [14] . PABs propagate without spreading for a finite distance, but their trajectory bends, severely limiting possible device applications. This lack of symmetry in the transverse field distribution prompted us to investigate SPPs propagating without diffraction and in a straight line. A first step in this direction has been theoretically proposed in Ref. [18] by considering the propagation of high order plasmon modes at the interfaces of multilayered metal-dielectric superlattices. Although this approach is experimentally cumbersome, it proposes a SPP beam which propagates in a straight rather than parabolic trajectory, like PAB. Here we demonstrate both experimentally and theoretically that a new surface wave, with similar properties, can be generated at a single interface with simple metallic gratings.
For monochromatic SPPs, the electric field component E z;d (in the dielectric half-space) normal to the interface satisfies the equation
where k 0 ¼ !=c is the wave vector in vacuum and " d is the permittivity of the dielectric. We have dropped for simplicity of notation the subscript d. Note that the other field components can be derived from the knowledge of E z [19] . We seek a surface wave solution of Eq. (1) in the form E z ¼ Aðx; yÞ expðÀzÞ, where the exponential accounts for the evanescent wave decay in the dielectric, characteristic of waves propagating at an interface such as SPPs. Note that the expression for E z describes the field distribution in the dielectric half-space z > 0 and that a similar expression with a different confinement factor can be written for z < 0. One can show that
week ending 31 AUGUST 2012 0031-9007=12=109(9)=093904 (5) 093904-1 Ó 2012 American Physical Society satisfies Eq. (1), where A is a complex constant. By using the continuity of the normal component of the D vector and the parallel components of the E vector at the interface, the following dispersion relation can be obtained [19] :
where k x and k y are the x and y components, respectively, of the propagating SPP wave vector k sp , which is a complex quantity to account for SPP attenuation. Here, " m is the complex permittivity of the metal, while " d is real, because the dielectric is considered to be transparent at optical wavelengths of interest. In our experiment, the dielectric is air.
Similar to the case of free-space Bessel beams, in which the field can be decomposed into plane wave components with wave vectors on a cone [3] , an ideal cosine beam described by Eq. (2) can be decomposed into two SPP plane waves propagating with the half angle in between defined by ¼ sin À1 ðk y =k sp 0 Þ, where k sp 0 is the real part of k sp . This decomposition suggests a direct way to create a source of cosine beams [ Fig. 1(a) ]. In the limit of a small angle, the solution represents surface waves propagating in the x direction without diffraction, i.e., with a transverse intensity profile independent of x. This beam can be regarded as the two-dimensional counterpart of a nondiffracting Bessel beam in free space.
It is important to note that an ideal Bessel beam solution carries infinite energy [3] , because it is not squareintegrable and therefore cannot be realized in practice. It is nevertheless possible to experimentally approach the ideal Bessel solution by modulating it with a Gaussian envelope. The resulting Bessel-Gauss beam preserves nondiffracting properties in the paraxial approximation while carrying a finite energy [20] . The nondiffracting SPP solution presented in Eq. (2) suffers from the same problem as the original Bessel beam solution. We therefore introduce the cosine-Gauss beam (CGB), a SPP characterized by E z ¼ A expðjk x xÞ cosðk y yÞ exp À y 2 w 2 0 expðÀzÞ; (3) where w 0 denotes the beam waist (Supplemental Fig. 1 [21] ). Our study of the propagation of the CGB shows that it provides a good paraxial approximation to the nondiffracting solution, in a way similar to free-space BesselGauss beams. Assume that along the interface (z ¼ 0) the field distribution at x ¼ 0 is a CGB: E z ð0; y 0 Þ ¼ A cosðk y y 0 Þ expðÀy0 2 =w 2 0 Þ. A calculation of the propagation integral [22] shows that, in the paraxial approximation, the field maintains the same CGB transverse profile regardless of the propagation distance x:
where fðxÞ depends on k sp , w 0 , and k y (Supplemental Material, Part A [21] ). From Eq. (4), we conclude that the CGB represents a nondiffracting surface wave of finite energy.
A straightforward way, depicted in Fig. 1(a) , of generating nondiffracting SPPs is to use line sources represented by gratings made of grooves of length 2D defined in the metal, which under normal illumination generate SPP plane waves propagating normal to the grooves. The assumption of plane waves is an excellent approximation when D is much larger than the surface plasmon wavelength. The cosine beam forms in front of the coupling grooves, in the area where the two SPP plane waves overlap [ Fig. 1(a) ]. The maximum distance within which the generated beam remains nondiffracting can be estimated geometrically from Fig. 1(a) by using x max ¼ D= sin. The two plane waves constructively interfere over this distance, giving rise to a standing wave of profile cosðk y yÞ in the y direction. The paraxial regime of these propagating waves allows one to achieve very long nondiffracting propagation distances x max . To generate the CGB, the amplitudes of the plane waves launched by the two line sources need to be modulated by a Gaussian profile. This is accomplished in our experiments by illumination with a normal incidence Gaussian beam of waist w 0 < D; w 0 then replaces D in the expression for x max .
Under these assumptions, the field distribution right after the plasmonic couplers, that is, at (x ¼ 0; y 0 ), can be modeled by
Thus the device configuration of Fig. 1(a) generates a CGB. This transverse profile is maintained as the field propagates along x (Supplemental Material, Part A [21] ). A numerical calculation [using Eq. (A1)] also confirmed that the transverse intensity profile remains unchanged (Supplemental Fig. 2 [21] ) within the propagation length, which is associated with absorption losses (estimated $30 m for an air/Au interface at 740 nm). We notice that, from the simple geometrical picture of Fig. 1(a) , half of either line source radiates fields away from the propagation axis. A design modification that gives increased transverse localization, i.e., with less intensity in the side lobes, is shown in Fig. 1(b) and was found to exhibit nondiffracting properties as well. The field generated immediately to the right of the device (x ¼ 0) in Fig. 1 The advantage of this SPP, which we shall call localized cosine-Gauss beam (LCGB), for applications is the increased transverse confinement compared to the CGB, while maintaining negligible diffraction. One can in fact show that the device of Fig. 1(b) can generate LCGBs with axial intensities much larger than conventional SPP beams launched by a single grating of comparable transverse dimension.
In the following, we study the proposed nondiffracting SPPs by performing the experiment with the setup depicted in Fig. 1(e) . The device used to generate the nondiffracting SPPs comprises two identical gold gratings that convert part of the incident free-space light into propagating SPPs. The configuration [ Fig. 1(c) or 1(d) ] of the two gratings will determine which type of nondiffracting SPPs will be generated. The Gaussian amplitude profile required by the CGB was realized by illuminating the gratings with a TEM 00 fundamental mode of a laser focused from the substrate side. We then mapped the two-dimensional SPP field distribution by collecting the in-plane field components using a near-field scanning optical microscope (NSOM) working in aperture mode [23] with a broadband illumination combined with hyperspectral detection [24] (see details in Supplemental Material [21] ). The high quality near-field images of the propagating SPPs enable us to extract the transverse intensity profile of the CGBs for a comparison with both the analytical calculation and the finite-difference time-domain (FDTD) method. In our experiment, the incident wavelength is ¼ 740 nm, and the other parameters are w 0 ¼ 8 m and ¼ 5 . We designed our devices with a small to enhance the maximum nondiffracting distance x max . Figures 2 and 3 show that, for the beams generated by the two devices, the full-wave calculations and the experimental results are in good agreement with theoretical predictions within the maximum nondiffracting distance. In Fig. 4 , we further studied the beam width of the two types of nondiffracting waves as a function of the angle between the SPP generating gratings and propagation distance. The results indicate that the transverse size of the main lobe decreases with increasing angle, which offers considerable design flexibility. As shown in Fig. 4(b) , the second device design [Figs. 1(b) and 1(d)] with ¼ 5 leads to a nondiffracting distance as long as 80 m, which is considerably longer than the reported propagation length of PABs [15] [16] [17] after accounting for the wavelength and beam width difference.
In conclusion, we introduced the cosine-Gauss beam, a nondiffracting surface wave solution of the wave equation in the paraxial regime, and we experimentally proved its properties by mapping the near-field distribution. The double-grating devices demonstrated in this work represent an efficient and straightforward way to generate a localized SPP beam with minimum diffraction. It is worth pointing out that, as opposed to optical solitons which can also propagate conserving the same transverse profile during propagation [1] , our diffraction-free functions are linear solutions of the propagation equation. In this linear regime, we nevertheless have to stress that diffraction, as an inevitable effect of wave propagation, still exists for any
week ending 31 AUGUST 2012 093904-3 nondiffracting beams that carry finite energy. In our case it leads to a maximum nondiffracting distance. Physically, the nondiffracting property of our plasmonic beams can be attributed to the large (as compared to the narrow main lobe) transverse dimension of the total field including side lobes. However, the nondiffracting plasmonic beams do provide an invaluable approach to realizing a more confined local field (narrow main lobe) while maintaining the small divergence that is usually associated with a more spread-out transverse field. The CGB and the Airy beam   FIG. 3 (color) . The LCGB generated by two gratings at an angle as shown in Fig. 1(d) . 
FIG. 2 (color)
. CGB generated by two overlapped coupling gratings as shown in Fig. 1(c) . The near-field intensity distributions (inplane components) obtained from (a) FDTD simulations and (b) experimentally using a NSOM. (c)-(f) Transverse intensity distributions at specific propagation distances x [green curve, analytical calculations; red curve, simulations by FDTD; blue curve, intensity line scans obtained from the NSOM image in (b)]. Note that it takes a distance of several microns to form the nondiffracting beam, which can be understood by observing that the latter is fully formed only after the surface plasmon polaritons launched by the grooves of the two gratings have sufficiently overlapped Fig. 1(a) . Similar considerations apply to a localized cosine-Gaussian beam (Fig. 3) result from the interference of different types of waves leading to different trajectories. The nonstraight trajectory of Airy beams is attributed to the caustic of the secondary waves, which creates a curved envelope of intense light [25] . The straight propagation of the CGB simply results from constructive interference of two tilted plane waves propagating in phase along the symmetry axis. Because of their unique properties, CGB surface waves could find potential applications in areas such as near-field plasmonic manipulation of particles and the transmission of plasmonic signals among on-chip devices.
